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ARTICLE INFO ABSTRACT
Keywords: Colorectal cancer (CRC) is a common cancer with high mortality rates. Despite progress in treatment, it remains
CRC an incurable disease for many patients. In CRC, the tumor microenvironment (TME) plays critical roles in tumor

Tumor microenvironment
Cancer therapy
Preclinical models

growth, progression, patients’ prognosis, and response to treatments. Understanding TME complexities is
important for developing effective therapies. In vitro and in vivo preclinical models are critical in understanding
the disease, discovering potential targets, and developing effective therapeutics. In this review, we focus on
preclinical research studies associated with modulation of the TME in CRC. These models give insights into
understanding the role of stroma and immune cell components of the TME in CRC and improve clinical re-
sponses, providing insights in novel treatment options. Various studies have focused on targeting the TME in CRC
to improve responses to different therapeutic approaches. These include identifying targets for cancer therapies,
targeting molecular signaling, and enhancing the efficacy of immunotherapeutic modalities. Furthermore, tar-
geting stromal and angiogenic factors in the TME may provide new therapeutic options. Overall, understanding
and targeting the TME in CRC is a promising approach for improving therapeutic outcomes.

Introduction making it challenging to use standard therapeutics, and resulting in poor
clinical outcomes [3]. Several therapeutic modalities including chemo-

Colorectal cancer (CRC) is the third most common cancer among therapy, radiotherapy, immunotherapy, and targeted therapy have been
adults and the second leading cause of cancer-related death worldwide used to treat CRC patients. However, despite advances in various ther-
[1,2]. Many CRC patients are diagnosed with advanced clinical stages, apeutic strategies, metastatic CRC remains challengeable and often
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incurable. [4]. In lieu of this, understanding the interactions between
cancer cells and different components of the tumor microenvironment
(TME), that affect tumor cell behavior, could serve as a potential
pathway for improving clinical outcomes. The components of the TME
play a crucial role in tumor development and progression through
reprogramming tumor initiation, progression, and response to treat-
ment. Therefore, it is important to understand the complex interactions
of TME in CRC for the development of effective therapeutic targets for
better response rates. Since CRC tumors with parental-specific genetic
heterogeneity are grafted, the natural interaction of CRC tumor cells
with a specific genetic mutational landscape can be observed. This al-
lows a better understanding of the original tumor behavior with respect
to its genetic and epigenetic mutational status, histopathological sub-
types, metastatic representation, and its biological/genetic conditioning
towards various drugs/agents [5]. Therefore, preclinical research
models, such as in vitro cell culture and in vivo models, are important for
investigating different aspects including the role of TME components
and their interaction with CRC cells for identification of potential targets
and development of novel and new therapeutic strategies. This review
aims to highlight current advances and progress in preclinical models
targeting the TME in CRC for the development of novel therapeutic
strategies.

Tumor microenvironment in colorectal cancer

The microenvironment in CRC is complex and consists of malignant
cells, various immune cells, stromal fibroblasts, intestinal microbiota,
extracellular matrix (ECM), blood vessels, and signaling molecules. The
majority of these cellular components are well-documented in their
ability to contribute to tumor immune escape, leading to the progression
and spread of cancer [6]. Specifically, immune cells within the TME can
be manipulated by tumor cells to either promote or inhibit tumor growth
leading to cancer regression or progression, depending on the type of
immune cells involved. For example, intra-tumoral effector cells such as
cytotoxic T cells, and M1 macrophages inhibit tumor growth by
enhancing antitumor immune responses. On the other hand,
tumor-associated =~ immunosuppressive  cells, such as M2
tumor-associated macrophages (M2-TAMs), myeloid-derived suppressor
cells (MDSCs), some T regulatory cell (Treg) subsets, and other immu-
nosuppressive cells, play critical roles in promoting tumor development
by suppressing antitumor immune responses. M2-TAMs play a crucial
role in inducing immunosuppression by producing anti-inflammatory
cytokines such as CCL20, recruiting CCR6™" Tregs, and contributing to
tumor progression [7]. Additionally, M2-TAMs contribute to tumor
development by producing vascular endothelial growth factor (VEGF) to
promote angiogenesis, releasing fibroblast growth factor-1 and
epidermal growth factor to foster cancer cells, and matrix metal-
loproteinases to enhance tumor invasion [8,9]. MDSCs exert potent
immunosuppressive effects via the production of arginase-1, indole-
amine 2,3-dioxygenase, and reactive oxygen species, which suppress
functions of T and NK cells [10,11]. It has been reported that increased
levels of reactive oxygen species in the CRC microenvironment can
reduce antigen-specific T cell responses, which are involved in effective
anti-tumor immune responses [12]. Furthermore, MDSCs can promote
Treg expansion and macrophage polarization towards an
M2-phenotype; therefore, reinforcing the immunosuppressive environ-
ments and promoting tumor growth through angiogenesis and thera-
peutic resistance. Many studies investigated the role of MDSCs in CRC
[13,14]. It has been reported that mutations in the RAS family (K-RAS,
N-RAS, H-RAS), drive releasing of chemokines from cancer cells through
the KRAS/IRF2 signaling pathway, which in turn recruits MDSCs into
the CRC microenvironment, resulting in inhibiting the anti-tumor im-
munity, and resistance to immunotherapy [15]. Furthermore, a recent
study investigated the effectiveness of chimeric antigen receptor T-cells
(CAR-T cells) by targeting immunosuppressive cells which play a crucial
role in CRC progression [16]. The authors showed that programmed cell
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death-1 (PD-1, CD279)-triggering-receptor-expressed on myeloid cells 2
(TREM2)-targeting single-chain variable fragment (scFv) could inhibit
the signaling pathway of PD-1/PD-L1 in TAMs and MDSCs by blocking
their TREM2 receptors in CRC [16]. Another study explored the feasi-
bility of targeting CD166 with CD6-CAR-T cells in CRC [17]. The study
revealed that CD6-CAR-T cells could exert a cytotoxic effect against CRC
cells by enhancing interferon-gamma (IFN-y) production [17].

Stromal cells such as cancer-associated fibroblasts (CAFs) facilitate
tumor cell proliferation and progression by supporting tumor angio-
genesis for the formation of new blood vessels, modulation of immune
cell recruitment, and most importantly initiating ECM modulation to
support the structural integrity of the tumor [18-22]. Mainly, ECM
within the TME leads to increased stiffness by altering its composition.
ECM also promotes tumor cell proliferation and migration through the
VEGF, which facilitates angiogenesis by promoting blood vessel for-
mation while proteases facilitate ECM modulation to create pathways
for vessel growth [23,24].

The tumor metabolism has essential consequences for the TME. For
instance, in CRC, cancer cells utilize aerobic glycolysis to produce more
lactate, generating more acidic TME [25]. This, in turn, suppresses the
immune cell function including NK cells and CD8 cytotoxic T cells
(CTLs), weakening their ability to eradicate cancer cells [26]. Also,
excess lactate can polarize TAMs into M2 phenotype, contributing to
tumor development via activation of CD47/signal-regulatory protein
alpha (SIRPa) [27,28]. Furthermore, amino acid metabolism, such as
tryptophan, plays a crucial role in modulating immune responses in
CRC. Indoleamine 2,3-dioxygenase plays an important role in mediating
tryptophan metabolism. Enhancing tryptophan metabolism can increase
the proliferation of immunosuppressive Tregs [29] and promote tumor
cell survival [30]. Therefore, understanding and deciphering the role of
various TME components can serve as essential tools for developing new
and novel therapeutic strategies for improved clinical outcomes in CRC.

Preclinical models in cancer research

Researchers have developed various preclinical models to investigate
tumor development and other hallmarks of cancer. Preclinical research
models, including cellular and mouse models, help researchers to un-
derstand the molecular mechanisms of tumor growth and immune
evasion and to evaluate potential therapeutics before moving to clinical
trials [31]. Preclinical cancer models encompass a variety of experi-
mental models, starting from in vitro models, which include
two-dimensional (2D) monolayer cell culture, coculture, and
organoids/three-dimensional (3D) cell culture models, into in vivo
models, which include cell-derived xenografts (CDX) and
patient-derived xenografts (PDX) models as well as genetically engi-
neered mouse models (GEMMs).

The coculture models of organoids are useful for investigating the
interactions between the TME and cancer cells, with 3D cell cocultures
providing a more accurate representation of in vivo TME, offering a
closer mimicry of in vivo cell settings compared to traditional 2D cell
cultures [32], which can help investigations to understand cellular be-
haviors and interactions. For instance, the tumor organoid models
“tumoroid” derived from tumors can be used in coculture systems to
study the gene expression involved in cell-cell interaction, the response
to immune checkpoint inhibitors (ICIs), and the development of
tumor-reactive T cells. A recent study used tumoroid models to inves-
tigate carcinoma-TME communication in ex vivo cultures. The authors
found that tumoroids could suppress gene expression involved in im-
mune cell migration and inflammation [33]. Thus, these models can
serve as critical tools in cancer research for studying cellular interactions
within the TME and identifying drug interaction pathways, mechanisms
of drug resistance, and drug discovery initiatives against various cancers
[34-36].

On the other hand, in vivo models, such as CDX in CRC, depend on the
process of implanting or injecting CRC cell lines into immunodeficient
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mice. These models are utilized to understand CRC development in an
advanced stage of the disease [37]. Although CDX has several draw-
backs, these preclinical models are still largely used for CRC due to
advantages such as the availability of a large number of CRC cell lines,
reduced experimental timeline due to rapid tumor growth, ease of ge-
netic manipulation/mutational analysis, and expeditious drug response
data available [38]. Although CDX and PDX models can be used for
studying a whole tumor in situ [39], PDX closely resembles original tu-
mors and have stromal microenvironments similar to human tumors;
therefore, they better recapitulate the complex interactions of in vivo
cancer models compared to CDX models [40]. Furthermore, PDX is a
high-impact preclinical model especially for studying drug evaluations
as it represents similar associated outcomes as expected to be observed
in CRC patients [37]. With respect to the TME, it has been observed that
upon engraftment of patient stromal cells in the CRC-PDX models,
subsequent replacement of these cells with murine equivalents is
observed with the recruitment of murine accessory cells to the tumor
niche [5]. GEMMs are considered useful preclinical models for studying
CRC-TME interactions as these are genetically edited mice models that
are created by activating or deactivating certain genes [41]. GEMMs are
highly advantageous for studies on CRC development as they have a
fully functional natural murine immune system that naturally simulates
the development of CRC tumors from adenoma to carcinoma to metas-
tasis. This functionality of GEMMs provides a broader understanding of
the role of TME components in CRC development including the devel-
opment of well-differentiated cancer cells and investigation of the
metastatic potential of CRC cells to the lungs and liver. In addition to
this, they are useful in studying the function and role of specific genet-
ic/somatic mutations associated with tumor proliferation, invasion, and
metastasis such as tumor protein p53 (TP53), kirsten rat sarcoma viral
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(KRAS), adenomatous polyposis coli (APC), and cyclin-dependent kinase
inhibitor 2A (CDKN2A) in CRC and pancreatic ductal adenocarcinoma
[42,43].

Preclinical studies using therapeutics for modulating the TME in
CRC

Recent preclinical studies have focused on modulating the TME of
CRC to develop more effective therapies using different models,
including human CRC cell lines, CDX, PDX, and GEMMs [37,43,44].
These studies have explored different therapeutic approaches aimed at
altering the cellular microenvironment and signaling pathways of the
TME, as illustrated in Fig. 1. For instance, some therapeutics act as
metabolic modulators, affecting the TME by regulating the interaction
between stromal components, immune cells, and tumor cells. This
regulation has been evidenced in several studies, which reported that
metformin, though an anti-diabetic drug, also exhibits anti-tumor effects
against various cancers, including CRC [45]. A preclinical study in an
orthotopic CRC model demonstrated that metformin could reprogram
the TME [46]. The study reported that metformin enhances chemo-
immunotherapy activity, including MIL-100/mitoxantrone/hyaluronic
acid nanoparticles (MMH-NPs) chemotherapy, combined with
anti-OX40 agonist monoclonal antibody (¢0X40) immunotherapy [46]
leading to improved delivery of MMH-NPs and increased T-cell infil-
tration into the TME of CRC while decreasing tumor-associated immu-
nosuppressive cells (e.g MDSCs and M2-TAMs), which are responsible
for inhibiting CTLs in the TME [46]. The mechanism of metformin in
enhancing anti-tumor immunity is less well understood. However, a
recent study showed that metformin has the potential to regulate the
activation of AMP-activated protein kinase (AMPK), which is related to
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Fig. 1. A schematic diagram shows different treatments modulating the TME. Treatments (1 and 3) can modulate the TME via decreasing MDSCs and increasing the
percentage of CD8" T cells, while decreasing the Tregs and PD-L1 in cancer cells (A). Treatment (7) modulates the TME by activating CD8" T cells, leading TCR to
bind with MHC-I via peptides derived from neoantigen-reactive CD8" T cells and inducing IFN-y production, which can bind to IFN-y receptor in cancer cells,
resulting in destroying cancer cells (B). Treatments (3,5) can modulate the TME via shifting M2-TAM into M1-TAM, decreasing immunosuppressive cytokines and

inhibiting tumor growth (C).
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inhibiting immunosuppressive cells [47]. In the same study, it was re-
ported that metformin inhibited 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA) reductase of the mevalonate pathway, which is important
for immunosuppressive cell differentiation within the TME [47]. These
factors may have the potential to suppress tumor cell growth and
enhance antitumor immunity [48]. Another study reported that met-
formin plays a role in reprogramming tryptophan metabolism in colo-
rectal cancer xenograft models [49]. It could reduce cancer cell growth
via decreasing solute carrier 7A5 (SLC7A5) through MYC, preventing
tryptophan uptake in cancer cells [49]. Therefore, blocking tryptophan
metabolism could lead to remodeling the anti-tumor immunity via
expansion of CD8™ T cells and enhancing their activation [49]. Another
study by Wu et al. investigated the effect of cordycepin (an adenosine
analogue) on tumor development through its role in regulating biolog-
ical function in murine CRC cell lines [50]. The study reported that
cordycepin effectively inhibited the proliferation, invasion, and migra-
tion of CRC by reducing programmed death-ligand-1 (PD-L1) expression
in cancer cells [50]. The study highlights the potential of cordycepin as a
valuable tool in cancer therapy by offering a positive effect against CRC
development [50]. Furthermore, it has been reported that methionine
enkephalin (an opioid peptide) inhibited MC38 colorectal tumor growth
in mice through different mechanisms including modulation of the
tumor immune microenvironment (TIME) by increasing the infiltration
of M1 macrophages and CD4'/CD8" T effector cells and reducing the
infiltration of MDSCs and M2 macrophages [51]. A recent study
explored the role of M2-TAMs in inducing chemotherapy resistance in
CRC [52]. It was reported that M2-TAMs were responsible for producing
CXCL17 and CXCL22, which in turn play key roles in activating the
chemokine (C-C motif) receptor 4 (CCR4) receptor in CRC cells [52].
This interaction triggers the intracellular signaling via ATF6 and GRP78,
resulting in upregulation of MRP1 [52]. The increased MRP1 in CRC
cells leads to the efflux of 5-FU from cancer cells, decreasing its cytotoxic
effects [52]. Therefore, targeting this signaling pathway and M2-TAMs
within the TME of CRC represents a promising strategy for improving
the effectiveness of cancer therapy. Furthermore, it was reported that
CD155 plays a crucial role in promoting macrophage polarization to-
wards the M2-TAM phenotype, which contributes to immunosuppres-
sive activities and enhances colorectal tumor progression [53]. A recent
study found that TAMs within the CRC TME have high expression levels
of CD155 [53]. Role of CD155 in TAMs was explored by using geneti-
cally engineered murine models of CRC [53]. It was reported that
knockdown of CD155-TAM in CRC ectopic mice models have fewer and
smaller tumors with high infiltration of CD8" T cells and M1-TAMs and
increased CD8"/CD4" T cells ratio, compared to wild-type mice [53].
Collectively, these findings suggest that targeting CD155-TAMs can be a
promising strategy for modulating the immune landscape in the TME of
CRC and enhancing clinical outcomes.

Different studies have shown that CAFs are associated with tumor
development and progression, and resistance to anticancer therapies. A
study by Yadav et al. evaluated the therapeutic efficacy of the small-
molecule MSI-N1014 in suppressing the generation of CAFs and onco-
genic markers, and inhibiting CRC [54]. It was observed that MSI-N1014
treatment delayed tumor growth, when combined with 5-FU, and
showed a strong suppressive effect on tumor development in a
drug-resistant colon cancer model [54]. Additionally, this combina-
tional therapy suppressed CAF transformation and decreased
tumor-promoting signaling, including the expression of f-catenin,
leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5),
mammalian target of rapamycin (mTOR), VEGF, CD44 and IL-6 [54].

A traditional Chinese Medicine (TCM), known as Wenzi Jiedu Recipe
(WJR), has been reported to exhibit promising potential against
different types of cancers [55]. In CRC, WJR treatment has been re-
ported to demonstrate superior therapeutic efficacy in countering CRC
development in both in vitro and in vivo models [55]. The study results
showed that WJR treatment increased the proportion of CD8" T cells
and enhanced levels of key cytokines including interferon-gamma
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(IFN-y), tumor necrosis factor-alpha (TNF-a), and interleukin-10
(IL-10) indicating its role in modulation of the immune response [55].
Some preclinical studies have also investigated different therapeutic
tools such as bacterial minicell therapy, cytokine therapy, immune
checkpoint inhibitors, and others in treating CRC through modulation of
the TIME. This modulation has the potential to increase infiltration of T
cells, reduce tumor-associated immunosuppressive cell subsets, and
enhance anti-tumor immune responses. Moreover, current evidence
suggests that bacteria-derived minicells may play a key role in
enhancing chemotherapeutic drug efficacy, inhibiting
chemotherapy-resistant tumor cell growth, and facilitating the delivery
of chemotherapeutic agents into hypoxic and necrotic environments
within solid tumors [56,57]. For example, VAX014 is an oncolytic
bacterial minicell agent that has anti-tumor effects with immunoregu-
latory properties [58,59]. It has been shown that intralesional injection
of VAX014 improved the efficacy of immune checkpoint inhibition in
cold tumors of murine melanoma models [58]. A recent study high-
lighted the potential of VAX014 as an anti-cancer agent against mouse
colon adenocarcinoma cell lines [60]. In vivo investigations demon-
strated that VAX014 treatment effectively inhibited colon adenoma
development by reducing the number and size of colon polyps and
inhibiting cell proliferation in a CRC mouse model [60]. Furthermore, in
the presence of adenomas, VAX014 exhibited a favorable immune
response by activating cell-mediated immunity and increased CTL ac-
tivity and modifying the CRC microenvironment by promoting activa-
tion of pro-inflammatory cytokines such as IL-6 and IL-17 expression
levels associated with inflammation [60]. In addition to these cytokines,
IL-9 is a multifunctional cytokine that can control the function and ac-
tivity of different types of cells by displaying both anti-tumor and
pro-tumor functions. Notably, IL-9 has been found to have an anti-tumor
effect by stimulating innate and adaptive immune responses within the
solid TME [61]. Recent studies have suggested that IL-9 may play a
beneficial role against colon cancer growth and reshaping the TME in
the preclinical allograft animal models [62].

Targeting tumor-associated immunosuppressive cells in the TME for
reprogramming the TIME by using therapeutic drugs is a crucial strat-
egy, offering promises for innovative cancer immunotherapies. For
instance, a recombinant fusion protein of diphtheria toxin and human
interleukin- 2 targeting CD25 (denileukin diftitox; E7777) has been
shown to improve anti-tumor activity through reprogramming the TIME
[63]. The study reported that treatment of animal models with E7777
alone or in combining with E7046 treatment could reduce percentages
of intra-tumoral CD4"CD25 FoxP3" Tregs [63]. Furthermore, thera-
peutic combination of E7777 with E7046 also increased the frequencies
of intra-tumoral CD8" T cells [63] indicating promising anti-tumor ef-
fects and immune regulatory properties in preclinical studies, stressing
their role as potential targets for salvage therapies in CRC patients.

Several studies have emphasized the significance of recognizing ge-
netic and nongenetic markers in CRC patients to identify new biomol-
ecular signaling targets for novel therapy protocols [64,65]. For
instance, a bioactive compound Ovatodiolide (Ova), derived from the
herb Anisomeles, exhibits notable antitumor potentials in several cancer
types, including CRC, bladder cancer, and renal cell carcinoma [66-68].
Ova exerts its inhibitory effects on tumor development by targeting
oncogenic signaling pathways, such as Yes-associated protein (YAP-1),
thereby impeding tumor growth. An in vivo study revealed that Ova,
either alone or in combination with fluorouracil (5-FU) treatment, could
effectively hinder CRC development by suppressing the oncogenic
YAP-1 signaling pathway and inhibiting polarization
M2-tumor-associated macrophage (TAM) [68], as illustrated in Fig. 1.
Another preclinical investigation showed that Ova can reduce the
release of exosomes from colon tumor spheres (Exoph), thereby miti-
gating M2-TAM polarization and CAF generation in vitro, consequently
fostering the efficacy of chemotherapy [69]. Additionally, the in-
vestigators observed that Ova treatment inhibited tumor progression by
diminishing the expression of STAT-3, p-catenin, and IL-6, alongside
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reducing the level of miR-1246 in serum exosomes in a mouse xenograft
model [69]. A more recent study combined organoids and organ-on-chip
models to examine the invasion of CRC within y-aminobutyric acidergic
(GABAergic) TME. It was reported that GABAergic signaling can affect
cancer cell behavior, providing insights into potential therapeutic tar-
gets [70]. G protein-coupled receptors (GPR56) play a key role in im-
mune regulation by reducing the cytotoxicity of natural killer (NK) cells
and the secretion of cytokines [71]. Some studies reported that high
levels of GPR56 in tumors were correlated with tumorigenesis, immu-
noregulation, drug resistance, CRC microsatellite stability (MSS) tumor,
and poor survival [72-75]. A recent study revealed that treatment with
the GPR56-targeted antibody-drug conjugates (ADCs) showed anti-
tumor efficacy in CRC mouse xenograft models by inhibiting tumor
growth and improving survival rates [74]. This suggests that the efficacy
of GPR56-targeted ADCs may also contribute to reshaping the TME in
xenograft models. Furthermore, a recent study investigated the function
of cullin 4B (CUL4B) deletion in the intestinal epithelium of preclinical
ApcMin/positive 1 51156 models [76]. The authors found that blocking the
CUL4B can enhance adenoma formation and the accumulation of MDSCs
through the regulation of granulocyte colony-stimulating factor (G-CSF)
transcriptionally [76]. Metastasis is the major cause of related death in
patients with CRC. Different genes can contribute to promoting CRC
metastasis, including leucine-rich alpha-2 glycoprotein 1 (LRG1)-human
epidermal growth factor receptor 3 (HER-3) signaling pathway, which
has the potential to promote liver metastasis in CRC patients [77]. A
recent study found that LRG-1 released from liver endothelial cells (ECs)
can activate CRC-associated HER-3 and promote tumor growth [77].
The preclinical study revealed the blocking of the LRG-1/HER-3 axis
could decrease CRC metastasis in the liver, and prolong mouse survival
in LRG-1 knockout mouse models [77]. Therefore, targeting LRG-1 may
contribute to the development of new therapeutic strategies for
improved clinical outcomes in CRC.

A  Before treatment B
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Preclinical studies using therapeutics to improve immune
checkpoint inhibitors

Immune checkpoint inhibitors (ICIs) are a form of cancer immuno-
therapy used to treat various malignant tumors by targeting immuno-
logic receptors, such as PD-1 and its ligand (CD274, PD-L1). Though ICIs
show impressive clinical outcomes in cancer patients, the response rates
are observed in a fraction of the patients indicating that additional
strategies must be explored to manipulate the TIME and subsequently
increase the response rates [78]. Therefore, combining ICIs with other
therapeutics may enhance their efficacy against cancers. Fig. 2 sum-
marizes effects of anti-PD-1/L1, alone or in combination with other
therapeutics, on different immune cells and molecules. A recent study
investigated the effect of foretinib (receptor tyrosine kinases (RTKs)
inhibitor) on anti-tumor immunity in murine colon cancer cells [79],
and reported that foretinib can modify the TME and enhance effect of
immune checkpoint inhibitors [79]. The study evidenced that
combining foretinib with an anti-PD-1 monoclonal antibody amelio-
rated the TME by enhancing the infiltration and function of effector
CD47" T cells and CTLs (Fig. 2). It also induced overexpression of PD-L1
on cancer cells by activating the JAK2-STAT1 signaling pathway in the
animal model [79]. Moreover, inhibition of metastasis of murine colon
cancer cells to the mouse lung was observed with a reduction in the
proportions of M2-TAMs and Tregs [79] indicating that combinational
therapies can potentially enhance the effect of anti-tumor immuno-
therapies in CRC patients [79]. Another study reported that regorafenib,
a kinase inhibitor with anti-angiogenic activity, can play a beneficial
role in improving ICI treatment efficacy [80]. Compared to mono-
therapy, combining regorafenib with anti-PD-1 was shown to enhance
the anti-tumor activity of anti-PD-1 immunotherapy by modulating the
TME, reducing the percentage of tumor-associated immunosuppressive
Tregs and M2-TAMs, and enhancing M1 polarization by activating CD8™
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Fig. 2. A schematic diagram shows different treatments improving anti-PD-1/L1 and modulating the TME. (A) represents the TME before treatment. (B) represents
the TME after treatment. Targeting tumor cells and the TME by using immunotherapy alone can induce moderate modulation by increasing effector CD4" and CD8"
T cells (1). Targeting tumor cells and the TME by combining anti-PD-1 with another therapeutic induces higher modulation in the TME through enhancing effector T

cells, activating CD8" T cells, and decreasing M2-TAM (2).
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T cells resulting in inhibition of tumor growth and liver metastasis in the
orthotopic colon cancer model (Fig. 2) [80]. Similar results were
observed with MTL-CEBPA; a novel therapy known as the first small
activating RNA (saRNA) therapy, which targets the transcription factor
CCAAT enhancer binding protein alpha (C/EBPa) [81] and exhibits
beneficial activity against inflammation and cancer [82,83]. A study
demonstrated that the combination of MTL-CEBPa with anti-PD-1 can
minimize tumor size by regulating the TME leading to increased
tumor-infiltrating T cells in pre-clinical models (Fig. 2) [84]. Further-
more, a recent study in colon and liver cancer animal models showed
that a combination of E7777 treatment with anti-PD-1 therapy leads to
enhanced CD8™ T cell levels (Fig. 2), increased anti-tumor activity, and
improved overall survival [85]. The CD1d-restricted invariant natural
killer T (iNKT) cells play a crucial role in regulating a wide range of
immune responses, including those in cancer [86]. The activation of
these cells by alpha-galactosylceramide (alpha-GalCer) leads to the
release of various cytokines, including IFN-y, which is related to killing
tumor cells and activating other immune cells, contributing to cancer
regression [87]. The presence of these cells in the TME can stimulate the
activation of CTLs, preventing cancer’s worsening. A recent study in a
preclinical model of CRC showed that combined treatment with
anti-PD-1 and alpha-GalCer can improve immunotherapy [88]. It was
reported that this treatment could prevent the loss of iNKT cells and
promote CD4" TH1 T cells, contributing to the reduction of polyps’
development in Apc™™* mice, compared to anti-PD-1 blockade alone
[88].

Tregs increase within the TME can weaken the effectiveness of anti-
cancer immune responses in some cancers. Therefore, by reducing the
suppressive influence of Tregs, the immune system may have better
chances of effectively targeting and eliminating cancer cells. CCR8
expressed on Tregs, can act as a driver of immunosuppression [89,90]. It
was reported that high levels of CCR8' Tregs were associated with
tumor progression in different cancers [91-93]. A recent study showed
that a novel Fc-optimized anti-CCR8 antibody (BAY 3,375,968) can
potentially deplete tumor-infiltrating Tregs in colon cancer xenograft
mouse models [94]. This anti-mouse CCR8 antibody could recognize
and bind to Tregs, inhibiting their suppressive function and enhancing
anti-tumor immune responses [94]. Furthermore, combining anti-mouse
CCR8 antibody with anti-PD-L1 led to minimizing the tumor mass,
decreased intra-tumoral CD4"CD25"FoxP3™ Tregs, increased the ratio
of CD8" T cells to Tregs, and enhanced IFN-y production within the
TME, as well as improved the survival rate in colon cancer mouse model
[94]. Another study reported that CCR8" Tregs can induce the exhaus-
tion of anti-tumor immune cells and enhance the immune suppressive
functions of Tregs in the CRC microenvironment [95]. Overexpression of
CCR8 on tumor-infiltrating Tregs was capable of enhancing TIGIT and
CTLA4 immune checkpoints and inducing strong immune suppression of
conventional CD4" T cells and CTLs in the TME of CRC animal models
[95]. Depletion of CCRS8™ cells enhanced the anti-tumor activation of
conventional CD4" and CD8" T cells by reducing expression of PD-1,
T-cell immunoglobulin and mucin domain 3 (TIM-3), and lymphocyte
activation gene 3 protein (LAG-3) [95]. Collectively, these findings
suggest that an anti-CCR8 antibody has the potential to enhance the
efficacy of cancer therapy.

Cytokines modulate immune responses and their utility as combi-
national tools with immunotherapy are well studied. For example, IL-15
has been evidenced to enhance proliferation and differentiation of CD8™"
T cells and NK cells, thereby exerting significant anti-tumor effects [96].
A recent study generated a recombinant IL-15 fusion albumin binding
domain (hIL15-ABD) and explored the therapeutic efficacy and immune
regulation of combination fusion protein with anti-PD-L1 immuno-
therapy in murine colon cancer and melanoma models [97]. It was
observed that the combination of hIL15-ABD with anti-PD-L1 enhanced
anti-tumor effector cell activity, increased the production of granzyme-B
and levels of CDS8'IFN-y" T cells and CD8'IL-2" T cells, and reduced
populations of tumor-associated immunosuppressive cells [97]. The
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mechanism of inhibiting tumor growth may be due to secreting
granzyme-B by CD8™ T cells and NKT cells, inducing apoptosis in cancer
cells via regulating the BAX/BAK pro-apoptotic pathway [98]. Similarly,
another study explored the role of IL-6 in TME modulation in CRC. The
study reported that IL-6 can trigger significant immunosuppression
within the TME by recruiting immunosuppressive cells and hindering
T-cell infiltration [99]. Consequently, blocking IL-6 improved the
effectiveness of anti-PD-L1 therapy in CRC, offering a new strategy to
combat anti-PD-L1 resistance in CRC patients [99] and promising
anti-tumor effects, highlighting their potential in CRC treatment. On the
other hand, a preclinical study revealed that exosomal-PD-L1 can reduce
the efficacy of anti-PD-1 therapy, contributing to immune evasion in
tumors [100]. Therefore, targeting exosome-PD-L1 may inhibit tumor
dissemination by improving the efficacy of anti-PD-1 blockade.

Stromal and angiogenic targets

Several studies have demonstrated the utility of therapeutic ap-
proaches targeting stromal structures and angiogenic markers within the
TME in preclinical studies on CRC. These approaches target components
distinct from cancer or immune cells, offering promising avenues for
intervention in the early stages of CRC. Analysis of the TME components
has revealed that certain stromal-related genes correlate with poor pa-
tient outcomes [101]. Moreover, recent advances have led to the
development of sophisticated 3D models for investigating CRC cells,
monocytic cells, and stromal mesenchymal cells (MSCs) [102,103].
These models serve the purpose of understanding the TME dynamics and
designing innovative therapies. Of particular interest is the identifica-
tion of deficiencies in DNA mismatch repair (dAMMR)/microsatellite
instability-high (MSI-H) is most common in CRC patients; and can be
detected in other cancer types. These cases often exhibit a TGF-p-rich
tumor-promoting TME, associated with dismal survival outcomes [104].
In TGF-p-rich TME, M1-macrophages shift into M2-TAMs, which can
express high levels of VEGF and TGF- g, thus contributing to CRC pro-
gression via suppressing the infiltration of CD8" T cells and NK cells
[105]. Additionally, TGF-$ can enhance CAFs to produce ECM proteins
such as collagen and fibronectin, resulting in tumor development and
immune evasion [106].

Some preclinical studies have investigated the role of CAFs in CRC
growth. CAFs are known to promote tumor growth and metastasis
through the production of growth factors and extracellular matrix
remodeling [20]. Therefore, targeting CAFs or their signaling pathways
could potentially inhibit tumor progression. On the other hand, ECM
plays a crucial role in tumor-stromal interactions and tumor progression.
In a preclinical study, investigators elucidated the intricate interplay
between CAFs and squamous epithelial cells (SECs) within the TME
[107]. This study underscores the pivotal role of these cellular compo-
nents in driving progression of inflammation-induced CRC [107]. Using
a mouse model, the researchers showed distinct cellular alterations
occurring within the TME, shedding light on potential mechanisms un-
derlying tumor initiation and progression [107]. Such preclinical studies
are invaluable for unraveling the complex biology of cancer and iden-
tifying novel therapeutic targets. The findings from this work contribute
significantly to understanding CRC pathogenesis and hold promise for
the development of targeted interventions aimed at disrupting the
tumor-promoting interactions between CAFs and SECs. The calponin 1
(CNN1) and tropomyosin beta chain isoform 2 (TPM2) are specific
stromal markers in tumor-associated stromal cells that hold promise for
identifying high-risk CRC patients and enabling more effective targeted
therapies [108]. Targeting these specific stromal markers may help to
understand cancer pathogenesis. Additionally, research has identified
alterations in angiogenesis-related genes (ARGs) that correlate with CRC
characteristics and prognosis [109]. Surgical stress has been reported to
induce immunosuppression and promote pro-tumorigenic cytokine
production such as CCL18, leading to the recruitment of Tregs and the
depletion of NK cells, and contributing to tumor recurrence or metastasis
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[110]. Surgery-induced stress can alter key components and cellular
metabolisms of adaptive and innate immune systems, one of which re-
quires a ubiquitin-like protein named neural precursor cell expressed,
developmentally downregulated 8 (NEDD8), involved in the neddyla-
tion pathway. The NEDDS8 protein is important in regulating various
cellular processes, such as cell cycle progression, transcriptional factor
activation, and promotion of tumor angiogenesis [111]. A recent study
found that NEDD8 protein was increased in the Tregs due to
surgery-induced stress [112]. Depletion of NEDD8 can reduce the
postoperative lung metastasis of CRC cells in mouse models and recover
anti-tumor immunity, including NK cells and CD8" T cells [112].
Therefore, alteration of key components caused by surgical stress can
influence cancer cells’ behavior and their ability to metastasize. These
findings underscore the potential of targeting angiogenic, metastasis,
and stromal factors to develop innovative therapies addressing CRC
progression-related factors at the molecular level within the TME.

Computational methodologies for identifying therapeutic targets
in CRC-TME

The application of bioinformatics in the study of colorectal tumors
involves the use of computational tools to analyze genetic and molecular
data for a deeper understanding of the tumor’s underlying mechanisms.
Several bioinformatics approaches exist to identify potential biomarkers
for the early detection of CRC. Detection of potential targets is important
for drug discovery. Bioinformatics approaches and integrated statistics
have been applied to explore molecular signatures of CRC and their
receptors as drug targets [113]. Lin et al., found through bioinformatics
analysis that NDUFA4L2, an important mitochondrial respiratory chain
subunit, is a novel biomarker for colorectal cancer. The study detected
20 hub genes from the protein-protein interaction, using the maximum
clique centrality algorithm [114]. Another study by Yue et al., used
bioinformatics tools and Venn diagrams to detect upregulated and
downregulated intersection genes of differentially expressed genes.
They investigated the correlation between the TME-related genes and
CRC by using the ESTIMATE data algorithm based on The Cancer
Genome Atlas (TCGA) database. Interestingly, the study reported that
CX3CR1 can act as a protective biomarker in the TME of CRC. These
bioinformatics results were further validated by analyzing the expres-
sion of CX3CR1 in CRC tissues and cell lines [115].

Yu et al., combined bioinformatics tools and surface-enhanced laser
desorption/ionization mass spectrometry to discover new biomarkers
and patterns with high sensitivity and specificity for the detection of
colorectal cancer. A multi-layer perceptron artificial neural network
with a scaled conjugate gradient optimized backpropagation algorithm
was applied to differentiate colorectal cancer from healthy individuals.
Additionally, a linear support vector machine was used to differentiate
CRC from colorectal adenoma [116]. The identification of genetic var-
iations in hereditary CRC screening can also be carried out using bio-
informatics tools [117]. A bioinformatics algorithm known as the
multivariate analysis of protein polymorphisms-mismatch repair
(MAPP-MMR) effectively categorizes MLH1/MSH2 deleterious and
neutral missense variants. This algorithm is helpful in the evaluation of
the pathogenicity of hereditary CRC gene variants [118]. Furthermore,
Thompson et al., calibrated several in silico methods to predict the effects
of mismatch repair gene missense substitutions. They found that a bio-
informatics tool is adequately predictive to be applied as a continuous
variable in the quantitative Bayesian integrated evaluation for the
clinical categorization of missense substitutions in mismatch repair gene
[119].

It is reported that there is a high number of hyper-methylated and
silenced genes in colon cancer, the majority of which are tumor-
suppressor genes [120]. Progress in sequencing techniques and the
evolution of bioinformatics tools have facilitated the creation of
single-base resolution maps of human methylomes [121]. Using bioin-
formatics analysis and next-generation bisulfite sequencing technology,
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researchers were able to create single-base pair resolution methylation
maps representing various stages of cellular differentiation. A recent
pan-omics study on commercially available CRC organoids highlighted
the role of SMAD4 inactivation in enhancing cell migration, prolifera-
tion, and tumorigenesis. CRC patients with SMAD4 mutations and
elevated DKK4 (Dickkopf family) expression show poor prognosis, sug-
gesting new therapeutic approaches for advanced colorectal cancers
[122]. The data generated by these pan-omics techniques are filtered,
aligned, and analyzed using various bioinformatics tools and compared
with parent tumor tissue. This information can be used to identify new
therapeutic targets for the cancer diagnostics and therapeutic moni-
toring. Additionally, the data can support clinical decision-making
regarding the administration of chemotherapeutic agents, thus
contributing to precision medicine [123].

Recently, Wills et al., utilized a series of tools to conduct bioinfor-
matics analysis on a whole genome-wide association study involving a
very large cohort of patients. They identified a link between overall
survival and rs79612564 in the receptor tyrosine kinase ERBB4. They
found that patients with high ERBB4 expression in colon tumors had
poorer survival rates. Both the rs79612564 variant and ERBB4 were
proposed as predictive biomarkers for survival [124]. In a study, Xi
et al,, reported the development of a competing endogenous RNA
network and identified novel molecular biomarkers in colon cancer.
They conducted a bioinformatics analysis to construct a competing
endogenous RNA network, utilizing differentially expressed long
non-coding RNAs and RNAs from two colon cancer gene expression
datasets [125]. They identified new regulatory pathways, such as
LINC00114/miR-107/PCSK5, UCA1/miR-107/PCSK5, and UCA1l/-
miR-129-5p/SEMAG6A. Furthermore, bioinformatics analysis revealed
two novel IncRNAs, LINC00114 and UCA1, and found that LINC0O0114
might be linked to the overall survival of colon cancer patients. Liang
et al, investigated gene signatures related to immunity in colon
adenocarcinoma to predict the immunotherapy effectiveness using
non-negative matrix factorization and weighted gene co-expression
network analysis algorithms [126]. They developed a prognostic
model employing various bioinformatics tools and validated its accuracy
with data from the Gene Expression Omnibus (GEO) database. The
model’s ability to predict treatment outcomes for cancer patients was
assessed, and distinct immunological profiles among subgroups were
characterized. Bioinformatics methods were also used to study the
development of liver metastases in colon adenocarcinoma patients,
exploring possible mechanisms and identifying key therapeutic genes. A
basic flowchart for the identification of hub genes and targets of colo-
rectal cancers, as well as the screening of inhibitors, is presented in
Fig. 3.

Conclusions

Major preclinical CRC models such as organoids, CDX, PDX, and
GEMMs aim to incur various advantages in the exploration of various
molecular and immune targets for personalized CRC therapy. The
drawbacks and advantages discussed above of these models highlight
the importance of transitioning from one model to another as per
requirement. Although an important preclinical model, there are several
limitations associated with CDX. Firstly, in vitro passage is a mandatory
step when using cell lines. This brings an inherent drawback of reca-
pitulating the parental or initial tumor genetic heterogeneity. Passaging
of CRC cell lines before implantation, can lead to loss or absence of the
original TME as subclones develop genetic and epigenetic changes that
may not be representative of the original tumor [37,127]. On the other
hand, species mismatches in human CRC cell lines and mouse stromal
cells may limit crosstalk. In such cases, drug development and precise
targeting may be compromised due to clonal selection and differences in
inter-specific cell-to-cell communication [38]. In addition to this, due to
the use of immunodeficient mice, studying the role of vascular,
lymphatic, and immune environments is limited [128]. In the context of



A. Meyiah et al.

Identification of hub genes
for colorectal cancer

NDUFA4

Drugs/ Inhibitors

Translational Oncology 53 (2025) 102307

N

, x\\‘\il;r,

Therapeutic targets

Molecular dynamics
simulations

Fig. 3. The figure illustrates the identification of hub genes for colorectal cancer, with subsequent stages including High-Throughput Virtual Screening, discovery of
inhibitors, identification of therapeutic targets, assembly of drug-target complexes, and molecular dynamic simulations for comprehensive analysis.

remodeling of the CRC-TME, PDX suffices an unparcelled advantage in
terms of studying patient-specific mutational status, investigating the
metastatic potential of CRC, and studying patient-specific TME compo-
nents, using novel mechanistic approaches. Several limitations have to
be taken into consideration while working with PDX CRC models.
Firstly, it is not a fast drug screening method for patients as it has a
lengthy engraftment phase of 4-8 months and requires high technical
expertise to avoid losing precious patient samples [37]. Secondly, stro-
mal and immune interactions are under-represented due to distinct
differences in model species compatibility as well as inherent immu-
ne/cellular component deficiencies that are associated with using an
immunodeficient animal model [5]. Alternatively, GEMMs provide an
advantage in understanding the natural history of CRC from stage I to
advanced stages, providing a broad understanding of CRC cells and their
interaction at cellular and molecular levels. In terms of testing novel
therapeutics in CRC, preclinical models provide a platform that could be
used extensively for studying treatment responses and the development
of novel therapeutic targets in CRC. Therefore, preclinical models are of
paramount importance for advances in CRC drug development and
improved patient outcomes. Furthermore, precision medicine strategies
targeting the TME in CRC show promises in improving therapeutic
outcomes.
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